INTRODUCTION
============

Stable inheritance of low-copy-number plasmids in bacteria requires plasmid-encoded partition systems, which actively position daughter copies in opposite cell halves prior to cell division. The most common partition systems in bacteria encode two proteins, a partition ATPase (ParA) and a site-specific DNA-binding protein (ParB) that act on a partition site, *parS* ([@gkr747-B1]). The ParA ATPase is responsible for the movement and localization of the plasmid via interactions with the ParB protein when ParB is bound to *parS*. The P1 plasmid system in *Escherichia coli* is an excellent model to study DNA movement in bacteria due to extensive biochemical and genetic characterization of its components ([@gkr747-B2; @gkr747-B3; @gkr747-B4; @gkr747-B5; @gkr747-B6; @gkr747-B7]). The P1 system is a 'Type I' system, defined by the nature of the partition ATPase; Type I ATPases are specific variants of Walker-type ATPases ([@gkr747-B8]). Recent evidence suggests that localization of Type I plasmids is a highly dynamic process that results in the uniform distribution and positioning of plasmids over the nucleoid regions of the cell ([@gkr747-B5],[@gkr747-B6],[@gkr747-B9; @gkr747-B10; @gkr747-B11]). *In vivo*, in the presence of ParA, P1 plasmids co-localize with the bacterial nucleoid, and daughter plasmids are separated to either side of the nascent cell division site ([@gkr747-B12]). *In vitro*, ParA in its ATP-bound form can bind DNA non-specifically ([@gkr747-B7]) and interact with ParB bound to *parS* ([@gkr747-B13]). The requirement for the ATP-dependent non-specific DNA (nsDNA) -binding activity of ParA in plasmid partition in P1 and several other Type I systems ([@gkr747-B7],[@gkr747-B14],[@gkr747-B15]) has led to models in which plasmids use the nucleoid as a track or matrix upon which they move inside the cell.

Type II partition systems encode an actin-like ATPase, and the best studied example is that of the R1 plasmid ([@gkr747-B16],[@gkr747-B17]). In the presence of ATP, the R1 ParM ATPase forms self-supporting filaments, which physically push plasmids to opposite cell poles through a mechanism of insertional polymerization between plasmids ([@gkr747-B18; @gkr747-B19; @gkr747-B20]). The mechanism of Type I ATPases is less well defined. Several type I ATPases have been shown to form filament bundles *in vitro* ([@gkr747-B4],[@gkr747-B9],[@gkr747-B15],[@gkr747-B21; @gkr747-B22; @gkr747-B23; @gkr747-B24]), which led to the suggestion that Type I ATPases may resemble ParM in mechanism. However, Type I ATPases show no structural or sequence similarity to cytoskeletal ATPases such as ParM or actin. They do however show sequence and structural similarity to bacterial MinD ATPases ([@gkr747-B4],[@gkr747-B25; @gkr747-B26; @gkr747-B27]), which are dynamic proteins necessary for the positioning of the cell division septum at mid-cell ([@gkr747-B28],[@gkr747-B29]). MinD possesses an ATP-dependent membrane-binding activity, and MinD-GFP has been shown to oscillate over the entire cell length using the membrane as a matrix for movement. These patterns require stimulation of MinD ATPase activity by MinE on the membrane. The parallels between ParA and MinD in their biochemical properties and patterning activities suggest both systems are acting via similar mechanisms ([@gkr747-B7],[@gkr747-B27]). We have shown recently that ParA undergoes a slow ATP-dependent conformational change that is necessary for it to bind DNA non-specifically ([@gkr747-B7]). A time delay in MinD membrane-binding activity has also been considered as one of the critical requirements for its patterning behavior *in vivo*. We proposed a model where the time delay, combined with stimulation of ParA ATPase activity by the ParB--*parS* partition complex, generates an uneven distribution of ParA bound to the nucleoid, which provides a pulling force for plasmid movement. A pulling mechanism is also supported by examination of several fluorescent Type I ParAs, which were observed to dynamically associate with the nucleoid on the poleward side of segregating plasmids rather than in between them ([@gkr747-B6],[@gkr747-B10],[@gkr747-B11],[@gkr747-B30]). Microscopy of P1 plasmids in live cells indicates that in between periods of motion, they spend some time attached to or stationary on the nucleoid ([@gkr747-B5],[@gkr747-B6]).

Although our previous findings provide a basis for our model, the association between nucleoid-bound ParA and plasmid-bound ParB has yet to be defined. In this study we investigate ParA, ParB and DNA interactions *in vitro*. We used sucrose gradient sedimentation and light scattering assays to identify a large complex of ParA and ParB bound to DNA that is regulated by the ATP binding and hydrolysis activities of ParA. Complex assembly occurred on nsDNA but was significantly stabilized by the presence of *parS*. We believe that the nucleoprotein complex identified and characterized here represents the bridging interactions between the partition complex and the nucleoid that promote plasmid localization and movement.

MATERIALS AND METHODS
=====================

Protein and DNA
---------------

P1 ParA and ParB proteins were purified as previously described ([@gkr747-B13],[@gkr747-B31]). The plasmids pBEF165 (containing *parS*) and pBEND5 (the vector) were the primary substrates for complex formation ([@gkr747-B32]). Other DNA substrates were generated by PCR or by sonication of salmon sperm DNA ([Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkr747/DC1)).

Sucrose gradient sedimentation
------------------------------

Sucrose gradients (1.8 ml of 5--20% sucrose in Buffer F: 30 mM Tris--HCl pH 8.0, 100 mM NaCl, 2 mM DTT and 5 mM MgCl~2~) were prepared over a 0.2 ml 60% sucrose shelf. Standard reaction mixtures contained 3 µM ParA, 1.5 µM ParB and 18 µg/ml plasmid DNA in Buffer F with 0.5 mg/ml α-casein and, when present, 0.5 mM of ATP, ADP, or ATPγS. Mixtures were incubated for 5 min at room temperature, loaded on sucrose gradients, and then centrifuged in a Beckman TLS-55 rotor at 200 000 *g* for 45 min at 20°C. Two drop fractions (∼100 µl), were collected after manually inserting an 18 gauge needle into the 60% sucrose shelf. The sucrose below the needle was collected in a separate fraction. Samples were examined by agarose and/or polyacrylamide gel electrophoresis.

Light scattering
----------------

All light scattering experiments were performed at 23**°**C in Buffer A: 50 mM Tris--HCl, pH 7.5, 100 mM NaCl, 10 mM MgCl~2~ and 0.1 mg of α-casein/ml. Measurements were performed in a Photon Technology International fluorescence system (Birmingham, NJ). The 60 µl sample was illuminated with 467 nm light, and scattered light was collected at a 90^o^ angle. For steady-state data, samples were incubated for 30 min prior to measurement. For time-based measurements, a stable baseline was obtained, the cuvette was removed from its holder to add ParA, ParB, DNA and/or nucleotide and the sample contents were mixed rapidly before repositioning the cuvette (dead time ≈5 s). For competition assays, the scan was paused, competitor was added, the cuvette was repositioned, and measurement was resumed. Unless indicated, all intensity measurements are given in arbitrary units (AU); the light scattered prior to component addition was subtracted from the data presented. Light scattering data from the competition assays were fit to a multi-parameter exponential decay function using the software package, SigmaPlot V10.0 (Systat Software Inc.).

RESULTS
=======

ParA and ParB interact with DNA to form a large complex
-------------------------------------------------------

DNA binding by ParA and ParB play important roles in P1 plasmid partition. Both site-specific and non-specific binding of ParB onto and around *parS* are required for the formation of the partition complex on the plasmid while nsDNA binding by ParA results in its nucleoid co-localization ([@gkr747-B7],[@gkr747-B33],[@gkr747-B34]). These different DNA-binding activities led us to investigate the influence of ParA and ParB interactions with DNA, and we first used sucrose gradient sedimentation to measure changes in DNA migration caused by protein binding.

We used a plasmid containing *parS*, pBEF165 (∼3 kb) and chose sedimentation conditions in which free DNA migrated only a few fractions into the sucrose gradient ([Figure 1](#gkr747-F1){ref-type="fig"}A) while free protein remained at the top fraction (see below). We observed that ParA, ParB and ATP had a dramatic effect on the migration of DNA in the sucrose gradient ([Figure 1](#gkr747-F1){ref-type="fig"}A). Under these conditions, plasmid DNA migrated to the bottom of the gradient and was spread over several fractions. The broad distribution indicates that the complex is heterogeneous compared to free DNA. This large complex required both ParA and ParB. ParB alone had no effect on DNA migration. At these concentrations, ParB binds both specifically and non-specifically to DNA ([@gkr747-B32]), so we infer that ParB--DNA complexes are forming but are not large enough to have a noticeable effect on DNA migration in a sucrose gradient. Consistent with this interpretation, the presence of integration host factor (IHF), an *E. coli* protein that increases the affinity of ParB\'s site-specific binding activity to *parS* ([@gkr747-B32]), did not affect the ability of ParB (or ParA and ParB) to alter DNA migration (data not shown). ParA alone (with ATP) formed a complex with DNA that sedimented in between free DNA and the ParA--ParB--DNA complex ([Figure 1](#gkr747-F1){ref-type="fig"}A). DNA topology did not affect protein binding in this assay as the results were identical on linearized plasmid DNA (data not shown). Figure 1.ParA and ParB form large complexes with plasmid DNA. Complexes formed on (**A**) pBEF165 (*parS*) and (**B**) pBend5 (vector) plasmid DNA. ParA and/or ParB (as indicated on the left of each panel) were incubated with DNA and ATP, and then the reaction mixture was separated on a 5--20% sucrose gradient as described in 'Materials and methods' section. Fractions were collected from the bottom of the tube, along with the sucrose at the very bottom of the tube (*S*). A portion of the reaction mixture load (*L*) and the gradient fractions were examined by electrophoresis in a 0.8% agarose gel stained with ethidium bromide. Only the region of each gel containing DNA is shown in each panel. SC, supercoiled plasmid; N, nicked plasmid.

We next asked if the *parS* site was essential for protein--DNA complex formation. We repeated the above experiment with pBEND5, the plasmid vector for pBEF165 ([Figure 1](#gkr747-F1){ref-type="fig"}B). The ParA--ParB--DNA complex and the ParA--DNA complex both formed on pBEND5 and showed similar migration in sucrose gradients as those formed on pBEF165. We conclude that the *parS*-specific DNA-binding activity of ParB is not necessary to form the ParA--ParB--DNA complex observed by sedimentation. However for reasons presented later, we think that both non-specific and specific-DNA-binding activities of ParB are playing roles in activity of the complex.

Complex formation is regulated by the nucleotide bound state of ParA
--------------------------------------------------------------------

We asked how the nucleotide-bound state of ParA affected the reaction. ParA has a nsDNA-binding activity that requires ATP ([@gkr747-B7]), and a site-specific DNA-binding activity to the par operator that prefers ADP over ATP ([@gkr747-B31],[@gkr747-B35]). The latter is necessary for ParA\'s transcriptional role as a repressor of the *par* operon. The ATP form of ParA is necessary for its partition activities ([@gkr747-B13],[@gkr747-B35]). We repeated the sedimentation experiment with ADP. In contrast to ATP, ADP was unable to support ParA--ParB--DNA complex or ParA--DNA complex formation ([Figure 2](#gkr747-F2){ref-type="fig"}A). The requirement for ATP indicates that these complexes play a role in partition and not in the repressor function of ParA. Figure 2.Adenine nucleotide regulation of protein--DNA interactions. ParA and ParB at the indicated concentrations (in µM) were incubated with pBEF165 DNA and the indicated nucleotide (at 0.5 mM), and the products were examined by density gradient sedimentation in (**A**) and (**C**) 5--20% sucrose, and (**B**) in 10--40% sucrose.

We examined the ability of ATPγS, a non-hydrolyzable analog of ATP, to support complex formation. ATPγS promoted the formation of ParA--ParB--DNA complexes that were larger than those formed with ATP; these complexes sedimented to the bottom of the tube, even at higher sucrose concentrations ([Figure 2](#gkr747-F2){ref-type="fig"}B). We were able to resolve the complexes formed with ATPγS by reducing the concentrations of ParA and ParB below those necessary to obtain similar complexes formed with ATP ([Figure 2](#gkr747-F2){ref-type="fig"}C, and see below). The simplest interpretation of these observations is that ATP binding is necessary to form the protein--DNA complex, which is then disassembled by ATP hydrolysis. We further examine this interpretation below.

In contrast to ParA--ParB--DNA complex formation, ATPγS was unable to support ParA binding to DNA in the absence of ParB ([Figure 2](#gkr747-F2){ref-type="fig"}C), which is consistent with previous studies showing that the ability of ParA on its own to interact with nsDNA requires its ATP-bound conformation ([@gkr747-B7]). The nucleotide specificity for complex formation was identical on pBEND5; that is, in the absence of *parS* (data not shown).

ParA, ParB and DNA form a large nucleoprotein complex detected by light scattering
----------------------------------------------------------------------------------

We complemented the sucrose-gradient sedimentation assays with a solution-based method called 90^o^ offline light scattering, which allowed us to examine the reaction in real time and without the use of separative steps. The method is a measure of turbidity that tests whether components in solution can assemble into large structures.

As in the sucrose gradient assay, we first identified the partition components that were necessary to support an increase in light scattering intensity. ParA, ParB and nsDNA were incubated in different combinations, and then changes in light scattering were measured after 30 min ([Figure 3](#gkr747-F3){ref-type="fig"}). Sonicated salmon sperm DNA was first used as a nsDNA substrate to determine if assembly could occur in the absence of a *parS* site as shown in the sedimentation assays. Here, a significant increase in light scattering was observed only when ATP was added to ParA, ParB and DNA together ([Figure 3](#gkr747-F3){ref-type="fig"}). No changes in light scattering were observed in the absence of any one component. ParA--ATP and ParB have nsDNA-binding activities alone; however these nucleoprotein complexes were not detectable under the conditions tested here, and we conclude that these complexes are too small to elicit a significant change in light scattering. Together, the results show ParA--ATP interacts with ParB and DNA to form a large nucleoprotein complex in solution. Figure 3.ParA--ParB--DNA complex assembly measured by steady-state light scattering. Mixtures containing 1 µM ParA, 2 µM ParB and 0.1 mg of sonicated salmon sperm DNA/ml were pre-incubated with 1 mM adenine nucleotide as indicated for 30 min at 23°C, and changes in light scattering were measured at 467 nm. The light scattering prior to nucleotide addition (20 ± 2 AU for all samples) was subtracted from the raw data to obtain 'Relative Light scatter'.

The nucleotide requirements for the large complex detected by light scattering were identical to those defined by sedimentation experiments. An increase in light scattering was observed only in the presence of ATP or ATPγS ([Figure 3](#gkr747-F3){ref-type="fig"}). ADP and AMP did not elicit an increase in light scatter. The maximum change in light scattering was greater with ATPγS than with ATP. Therefore, ATP-binding is required for ParA to interact with ParB and DNA to produce a significant increase in light scattering in solution. We conclude that sedimentation and light scattering are measuring assembly of the same complex.

A conformational change in ParA limits the rate of ParA--ParB--DNA complex formation
------------------------------------------------------------------------------------

We next examined the kinetics of and order of assembly of the components in the ParA--ParB--DNA complex, using order-of-addition experiments and the light scattering assay. In the time-based assays, we were able to start, pause and stop the scan to add components or competitors. The 'dead-time' required for mixing the sample, inserting the cuvette and starting or resuming a scan was 5 ± 2 s. Components were assembled into two 'premixes' which were incubated for 30 min and then combined at 'time zero' ([Figure 4](#gkr747-F4){ref-type="fig"}A). ParA was always in premix 1, and all possible combinations of the other components yielded seven conditions. As shown later, complex assembly was influenced by DNA length, therefore for these experiments a nsDNA substrate of uniform length (pBEND5) was used. Only two patterns emerged, either a hyperbolic or a sigmoidal curve, which are summarized in [Figure 4](#gkr747-F4){ref-type="fig"}B (all curves are shown in [Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr747/DC1)). The difference depended only on the presence of ATP in premix 1; that is, whether ParA was pre-incubated with or without ATP. A hyperbolic curve resulted when ParA was pre-incubated with ATP; the initial time point showed a light scattering signal ∼3-fold greater than the background signal (produced by the premixes) ([Figure 4](#gkr747-F4){ref-type="fig"}B, reactions 1--3). This pattern indicated that complex assembly initiated during the ∼5 s dead-time (prior to starting the scan), and therefore, the hyperbolic decrease in light scattering is considered as a rapid disassembly of the pre-steady state over accumulation of the complex to steady state. Figure 4.Order-of-addition effects on the kinetics of complex assembly. (**A**) The components, 1 µM ParA, 2 µM ParB, 20 µg/ml pBend5 DNA and 1 mM ATP, were combined in all combinations of two 'premixes' such that premix 1 always contained ParA, which yielded seven reaction conditions. For each reaction, each pair of premixes was incubated (separately) for 30 min at 23°C, and then combined, and light scattering was measured after ∼5 s and then followed in real-time. (**B**) The curves summarize the changes in light scattering for reactions 1--3, 4--7, or each premix alone (the individual curves are provided in [Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr747/DC1)). 'Light Scatter' represents raw light scattering intensities.

When ATP was in premix 2 ([Figure 4](#gkr747-F4){ref-type="fig"}B, reactions 4--7), a sigmoidal increase in light scattering resulted, showing that this order of complex assembly required a long lag phase, which lasted ∼15 s. The lag phase was followed by an exponential increase in light scattering that peaked at a 2-fold greater intensity than the light scattering produced prior to mixing all components ([Figure 4](#gkr747-F4){ref-type="fig"}B). This maximal change in light scattering was transient and dropped to a more stable state. The hyperbolic and sigmoidal curves aligned after ∼75 s, and we conclude that both methods of complex assembly eventually reached the same steady state complex-size distribution ([Figure 4](#gkr747-F4){ref-type="fig"}B). All premixes alone showed no significant change in light scattering over a 5 min time course ([Figure 4](#gkr747-F4){ref-type="fig"}B and [Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr747/DC1)).

Together, the results show that ATP binding by ParA is a prerequisite event in forming the ParA--ParB--DNA complex. We have shown previously that ATP binding by ParA can be detected in two steps; a quick initial but less stable binding followed by a slower more stable nucleotide association ([@gkr747-B7]). The initial ATP-binding step is too fast to be responsible for the slow sigmoidal kinetics of complex assembly ([@gkr747-B7]). Therefore, we think that the slow rate-limiting step is a result of a slow conformational change in ParA that follows stable ATP-binding but precedes hydrolysis.

The *parS* site stabilizes the ParA--ParB--DNA complex
------------------------------------------------------

We re-examined the influence of *parS* using the light scattering assay, comparing pBEF165 (*parS*) with pBEND5 (vector). The rapid rise in both curves representing assembly kinetics was identical for both plasmids ([Figure 5](#gkr747-F5){ref-type="fig"}A). However, the plasmid with *parS* displayed a greater extent of light scattering that was relatively stable 30 min after addition of ATP. Without *parS*, disassembly occurred more rapidly. When this comparison was performed over a DNA concentration range between 10 and 75 µg/ml, *parS* supported a light scattering signal that was significantly more stable than the signal supported by nsDNA ([Figure 5](#gkr747-F5){ref-type="fig"}B and C). Together, the data suggest that while nsDNA can support the ParA--ParB--DNA complex, site-specific interactions between ParB and *parS* add significantly to complex stability. Figure 5.ParA--ParB--DNA complexes are stabilized by *parS*. (**A**) Light scattering intensities of ParA--ParB--plasmid DNA complexes were measured as a function of *parS* (pBEF165 versus pBend5) and DNA concentration. Samples containing 1 µM ParA, 2 µM ParB and 50 µg/ml plasmid DNA were pre-incubated for 30 min, ATP was added to 1 mM, and changes in light scattering were then monitored over time. (**B**) Samples were assembled with pBend5 DNA (*parS*^−^) as in (A) except over a range of DNA concentrations. (**C**) As in (B) except the plasmid DNA was pBEF165 (*parS*^+^).

We also tested the effect of DNA length on complex size using linear DNA fragments of varying size while keeping the mass of DNA constant. The size of the complexes correlated with the length of the DNA substrate used in both gradient sedimentation and light scattering assays ([Supplemental Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkr747/DC1)). Therefore, the DNA is a key component whose length determines the size of the complexes formed.

ParA, ParB and DNA levels influence complex assembly rate and size
------------------------------------------------------------------

We next measured the effect of the concentration of each component on complex size and kinetics using both sedimentation and light scattering assays. First, gradient sedimentation showed that the absolute and relative concentrations of ParA and ParB affected the size and distribution of the complexes. We varied one component (ParA, ParB, or pBEF165 DNA) while keeping the others constant ([Figure 6](#gkr747-F6){ref-type="fig"}). Decreasing ParA concentration produced smaller ParA--ParB--DNA complexes ([Figure 6](#gkr747-F6){ref-type="fig"}A). At low concentrations, ParB actually decreased the size/mobility with respect to ParA--DNA complexes, and a critical concentration of ParB was necessary to form the large ParA--ParB--DNA complexes that sedimented towards the bottom of the gradient ([Figure 6](#gkr747-F6){ref-type="fig"}B). We believe the simplest explanations for this behavior are that a minimal cooperativity of ParB--DNA binding is necessary to form the large complex, and that below this concentration ParB inhibits ParA--DNA interactions by stimulating its ATPase activity. When ParA concentration alone was increased \>3 µM, most of the DNA still pelleted to the bottom of the tube, although some DNA migrated as ParA--DNA complexes ([Figure 6](#gkr747-F6){ref-type="fig"}C). Increasing ParB concentration caused the ParA--ParB--DNA complex size to decrease ([Figure 6](#gkr747-F6){ref-type="fig"}D), suggesting that high levels of ParB with respect to ParA disrupt or prevent the formation of the ParA--ParB--DNA complex. Finally, we observed that increasing the DNA concentration decreased the average size of the complexes, from which we conclude that a higher stoichiometry of proteins to DNA produces larger complexes. These results indicate that both the absolute concentration of ParA and its concentration relative to ParB have the greatest effect on complex formation in this assay. *In vivo*, the concentrations of ParA and ParB are also in the low (∼1--3) µM range, and perturbations in the ratio of ParA to ParB do disturb partition ([@gkr747-B2],[@gkr747-B4]). Figure 6.Protein concentration dependence of complex assembly. In each set of experiments (A--E), one component (ParA, ParB, or pBEF165 DNA) was varied as indicated, and the other two components were present at fixed concentrations. When fixed, ParA was at 3 µM, ParB at 1.5 µM and pBEF165 DNA at 18 µg/ml. ATP was included in all experiments at 0.5 mM. (**A**) ParA was varied from top to bottom as: 0, 0.75, 1.5 and 3 µM; (**B**) ParB: 0, 0.375, 0.75 and 1.5 µM; (**C**) ParA: 3, 4.5, 6 and 9 µM; (**D**) ParB: 1.5, 3, 4.5 and 6 µM. In (**E**) DNA and protein were (top to bottom): 18 µg/ml DNA with no protein, and then 18, 36 and 72 µg/ml DNA with standard concentrations of ParA and ParB.

Using the light scattering approach we investigated the protein and DNA requirements in real-time ([Figure 7](#gkr747-F7){ref-type="fig"} and [Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkr747/DC1)). ATP was added last, which allowed us to monitor two parameters of complex assembly: the start, measured as the 'lag time' before light scattering intensity increased, and the 'extent', measured as the light scattering signal 30 min after the addition of ATP ([Figure 7](#gkr747-F7){ref-type="fig"}A). First, increasing ParA concentration decreased the lag time, showing that assembly initiates more rapidly at higher ParA concentrations ([Figure 7](#gkr747-F7){ref-type="fig"}B). At 1 µM ParA (1:2 ratio of ParA:ParB), the lag-phase lasted ∼ 35 s. Above 4 µM ParA (2:1 ratio of ParA:ParB), the light scattering increased almost immediately, with little or no lag-phase. Like ParA, increasing the ParB concentration decreased the lag-phase, but it did not fall \<40 s even at 8 µM ParB (1:8 ratio of ParA:ParB) ([Figure 7](#gkr747-F7){ref-type="fig"}C). Notably, 40 s is the approximate lag-time when using 1 µM ParA ([Figure 7](#gkr747-F7){ref-type="fig"}B). The simplest explanation is that the ability of ParB to stimulate ParA--ParB--DNA complex assembly is limited by the amount of ParA present, supporting the idea that ParA is the major protein determinant of the complex assembly rate. Unlike ParA and ParB, increasing the DNA concentration increased the lag-time almost linearly ([Figure 7](#gkr747-F7){ref-type="fig"}D). Therefore, a high protein:DNA ratio initiates assembly more rapidly, suggesting that complex assembly is cooperative, which is further supported by the sigmoidal kinetics of the reaction. Figure 7.ParA, ParB and DNA concentration effects on the kinetics of complex assembly. (**A**) Changes in light scattering were monitored immediately after the addition of ATP. Lag time was obtained by extrapolating the slope of the exponential phase of the curve to the x-intercept. 'Extent' of light scattering was obtained 30 min after ATP-addition (steady state). (**B**) ParA (**C**) ParB and (**D**) DNA concentration effects on the lag time of assembly. (**E**) ParA, (**F**) ParB and (**G**) DNA concentration effects on the extent of light scattering at steady-state. The curves for all titrations are provided in [Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkr747/DC1).

We also compared the extent of light scattering. At least 0.5 µM ParA (1:4 ratio of ParA: ParB) was necessary to detect a significant increase in light scattering ([Figure 7](#gkr747-F7){ref-type="fig"}E). With increasing ParA concentrations, the extent of complex assembly continued to increase almost linearly and did not level off, consistent with the idea that ParA is the limiting component in this complex. Varying ParB concentration showed that the extent of light scattering was greatest with 1 µM ParB (1:1 ratio of ParA:ParB) ([Figure 7](#gkr747-F7){ref-type="fig"}F). Unlike ParA, ParB concentrations \>2 µM decreased light scattering, and at 10 µM ParB (1:10 ratio of ParA:ParB) no change in light scattering was observed. This trend was also found when varying the DNA concentration ([Figure 7](#gkr747-F7){ref-type="fig"}G). Overall, the concentration ratio that provided the greatest increase in the extent of light scattering was ≥1 ParA dimer(s): 2 ParB dimers: 120 bp of DNA. Higher ParA continued to increase light scattering whereas higher ParB or DNA decreased it. The finding that ParA concentration is directly correlated to complex size, even at sub-stoichiometric concentrations of ParB, indicates that ParA is the major player in complex assembly.

This conclusion was further supported by the observation that ParA, and ParA with ParB, were able to significantly protect the DNA from limited DNase I digestion ([Supplementary Figure S4A](http://nar.oxfordjournals.org/cgi/content/full/gkr747/DC1)). Protection required ATP, and implied that ParA was spreading along the DNA. However, protection was not complete. At higher DNase I levels, degradation of the DNA prevented (if added before ATP) or dismantled (if added after ATP) the complex as measured by light scattering ([Supplementary Figure S4B](http://nar.oxfordjournals.org/cgi/content/full/gkr747/DC1)).

We then used the sedimentation approach to measure the amount of protein that co-migrated with DNA ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gkr747/DC1)). From immunoblots of pooled fractions, ∼50 dimers of each ParA and ParB per DNA molecule were observed in the ParA--ParB--DNA complex fractions. Free protein remained at the top of the gradient. To a first approximation, 100 protein dimers do not have sufficient mass to increase the mobility of an individual DNA molecule to the extent observed here. We compared the migration of ParA--ParB--DNA complexes with that of very large DNA molecules, and found that the protein--DNA complexes migrated further in the gradients than (free) DNA molecules over 10 times the size of pBEF165 ([Supplementary Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gkr747/DC1)). We suspected that the migration of ParA--ParB--DNA in sucrose gradients with ATP was reflecting both assembly and disassembly of a very large complex consisting of multiple DNA molecules bridged together, resulting in the heterogeneity of complex size observed here.

The observation that these complexes were large enough to scatter light suggested we might be able to visualize them by light microscopy. ParA--ParB--DNA complexes were assembled as above, cross-linked with glutaraldehyde, isolated by centrifugation onto a glass coverslip through a 5% sucrose cushion, and stained for DNA ([Supplementary Figure S7](http://nar.oxfordjournals.org/cgi/content/full/gkr747/DC1)). Under these conditions, complexes formed with ATPγS yielded large interconnected mats of DNA ([Supplementary Figure S7A](http://nar.oxfordjournals.org/cgi/content/full/gkr747/DC1) and [B](http://nar.oxfordjournals.org/cgi/content/full/gkr747/DC1)). An equivalent amount of DNA applied directly to the slide was not directly visible ([Supplementary Figure S7F](http://nar.oxfordjournals.org/cgi/content/full/gkr747/DC1)), implying that the increase in fluorescence was due to many DNA molecules held together by protein. ATP supported smaller complexes, while ADP supported none ([Supplementary Figure S7C--E](http://nar.oxfordjournals.org/cgi/content/full/gkr747/DC1)). Although the pictures provide a low resolution image of the protein--DNA complexes, they are consistent with ParA and ParB bridging multiple molecules of DNA. Furthermore, the difference between images with ATP, ATPγS and ADP is consistent with the role of ATP binding and hydrolysis in assembly and disassembly measured biochemically.

The ParA--ParB--DNA complex is dynamic
--------------------------------------

The observation that ATPγS promoted formation of larger complexes than those with ATP suggested ATP-hydrolysis is coupled to complex disassembly. A dynamic complex that assembles and disassembles with ATP binding and hydrolysis predicts that the complex should be reversible and recyclable. We examined this prediction in several ways. First, we monitored complex assembly using limiting nucleotide concentrations (100 µM) in real time by light scattering. Following addition of ATP, the light scattering signal rose to a transient maximum and then dropped to initial values within 1 h ([Figure 8](#gkr747-F8){ref-type="fig"}A). ATPγS however, produced a higher peak of light scattering and a slow rate of decay. These results mirror those from the sucrose gradient experiments, and we conclude that ATP hydrolysis is necessary for complex disassembly. The rate of light scattering decay with ATP is similar, although not identical, to the rate of ATP hydrolysis, so other processes may also contribute to disassembly ([Supplementary Figure S8](http://nar.oxfordjournals.org/cgi/content/full/gkr747/DC1)). ADP, as expected, was unable to support complex formation. Figure 8.Complex assembly is reversible and recyclable. (**A**) Samples containing 1 µM ParA, 2 µM ParB and 0.1 mg/ml sonicated salmon sperm DNA were pre-incubated for 30 min at 23°C. Adenine nucleotide was added to 100 µM and changes in light scattering were monitored over time. (**B**) As in (A) except at 1 h post-ATP addition, the scan was paused, an additional 100 µM ATP was added, and monitoring was resumed. (**C**) ADP competition on assembled complexes. Complexes were assembled with ParA--ATP or ParA--ATPγS as in (A) and at *t* = 0, 2 mM ADP was added where indicated, and monitoring was resumed. The curves were normalized to the light scattering of the sample just prior to competition.

Next, we asked whether the decay in light scattering in the ATP reaction represented disassembled complexes that can be regenerated by a second round of ATP binding by ParA. The ParA--ParB--DNA complex was assembled with ATP and allowed to decay, and then the ATP supply was replenished ([Figure 8](#gkr747-F8){ref-type="fig"}B). Following the second ATP addition, the signal immediately increased to the previous maxima of light scattering and then dropped back to initial values with kinetics that were similar to the first round of disassembly. Therefore, disassembled ParA subunits in solution can rebind ATP and can be recycled in complex assembly. This result also rules out the possibility that the decrease in light scattering in the presence of ATP represents protein aggregation rather than disassembly of the complex due to ATP depletion.

Finally, we examined the stability of ParA--ParB--DNA complexes by challenging them with ADP, which cannot support complex formation and would thus render disassembly irreversible and unidirectional. ParA--ParB--DNA complexes were first formed with limiting ATP or ATPγS and then challenged with a saturating concentration of ADP (2 mM) ([Figure 8](#gkr747-F8){ref-type="fig"}C). When complexes were assembled with ATP, addition of ADP resulted in rapid disassembly with a rate of 2.6/min. Complexes formed with ATPγS were more stable but still sensitive to ADP; they decayed at a rate of 0.54/min, ∼5-fold slower than the decay of ATP complexes. We conclude that ParA--ATP turnover within the complex is rapid compared to ATP hydrolysis-mediated disassembly. This observation implies that ParA--ATP subunits associated with the ParA--ParB--DNA complex can exchange with ParA subunits in solution.

DISCUSSION
==========

The ParA--ParB--DNA complex represents dynamic interactions between plasmid and nucleoid
----------------------------------------------------------------------------------------

Using a combination of sedimentation, light scattering and fluorescence microscopy, we have identified a large, heterogeneous protein--DNA complex that requires the presence of both ParA and ParB, and is supported by ATP or ATPγS, but not by ADP. The nucleotide requirements are identical to those we have previously shown to support an interaction of ParA with ParB bound to *parS* ([@gkr747-B13]). We found that complex assembly and disassembly are modulated by ATP binding and hydrolysis. The complex formed on nsDNA, but was more stable in the presence of *parS*. Fluorescence microscopy revealed large networks of DNA in the complex, and we conclude that bridging of DNA molecules contributes to the large size and high sedimentation mobility of the complex. As we discuss below, we believe that this complex represents a dynamic interaction between the plasmid and the bacterial nucleoid, and refer to it as the nucleoid--adaptor complex or 'NAC'.

P1 ParA as well as other Type I partition ATPases possess an ATP-dependent nsDNA-binding activity that is essential for partition *in vivo* ([@gkr747-B7],[@gkr747-B14],[@gkr747-B15],[@gkr747-B26]). Cell biology studies show that ParA co-localizes with the bacterial nucleoid, and that plasmid positioning coincides with the bacterial nucleoid in a ParA-dependent fashion ([@gkr747-B5],[@gkr747-B6],[@gkr747-B10; @gkr747-B11; @gkr747-B12]). Based on biochemical and conformational studies of P1 ParA, as well as its structural and sequence similarities with bacterial MinD protein, we have presented a model in which P1 plasmids dynamically associate with the bacterial nucleoid via ParA ([@gkr747-B7]). The interactions of ParB with ParA, including ParB stimulation of ParA ATPase activity, set-up dynamic patterns of ParA that in turn position plasmids. In this way, the bacterial nucleoid serves as a matrix support for plasmid partition (as the bacterial membrane serves for MinD localization). The model predicts that ParB/*parS* partition complexes should dynamically associate with nsDNA in a ParA-dependent fashion, and we believe that the ParA--ParB--DNA complexes, or NAC, identified in this study represent these interactions *in vitro*.

Composition of NAC
------------------

The formation of NAC is absolutely dependent on ParA, ParB, DNA and ATP. Both ParA and ParB are DNA-binding proteins, so we cannot yet dissect the exact nature of the protein--DNA and protein--protein interactions present in NAC. However the properties of the complex and its requirements here provide several clues as to the composition. The sigmoidal shape of the light scattering signal and the longer lag time for complex assembly at lower concentrations of ParB ([Figure 7](#gkr747-F7){ref-type="fig"}C and F) imply that NAC assembly is favored when protein binding is continuous and cooperative, and that a minimal patch of ParB is necessary to nucleate assembly. This conclusion is further supported by the increase in lag time and decrease in complex size with increasing DNA concentration ([Figures 6](#gkr747-F6){ref-type="fig"}F, 7D and G). The simplest interpretation of these observations is that the nucleation of bridged complexes involves a highly cooperative process and that at high DNA concentration, protein molecules would be more spaced out and less amenable to bridging.

ParA and the length of the DNA were the main limiting components for the size of the complex. When DNA mass was held constant but length was varied, the extent of light scattering was directly related to DNA size ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkr747/DC1)), consistent with a bridged network being limited by the size of a DNA scaffold. At optimal ParB levels, ParA is limiting, from which we conclude that ParA is intimately involved in the bridging process; i.e. more ParA, more bridging. This may be direct, via a ParA--DNA interaction (see below), or indirect, via remodeling ParB to promote its bridging activity, or both. As ParB concentration is raised above an approximately equimolar ratio of ParB:ParA, the size of NACs decreases ([Figures 6](#gkr747-F6){ref-type="fig"}E and [7](#gkr747-F7){ref-type="fig"}F), which suggests that ParB is inhibiting ParA action above this ratio. One simple explanation may be the increased stimulation of ParA\'s ATPase activity by more ParB; however, the answer may turn out to be more complicated as the conformations of these proteins are further examined under these conditions.

The observation that both ATP and ATPγS support NAC assembly raises the question whether ParA is binding directly to DNA. In the absence of ParB, ParA\'s nsDNA-binding conformation, called ParA--ATP\*, is dependent on ATP and no other adenine nucleotide, including ATPγS, will support it ([Figure 2](#gkr747-F2){ref-type="fig"}) ([@gkr747-B7]). Two explanations are possible (and are not mutually exclusive): first, ParB may allow ATPγS to support ParA\'s nsDNA-binding activity, or second, ParA with either ATP or ATPγS promotes bridging by ParB bound to DNA. In either case, a ParB--ParA interaction is necessary to form NAC.

These findings raise several questions concerning the number of ParA forms that function in partition as well as how the conformational transitions of ParA are linked. By measuring changes in ParA tryptophan fluorescence under pre-steady state conditions, we have previously shown that ParA undergoes a series of conformational changes upon binding adenine nucleotide, which occur at different time scales: nucleotide binding by a ParA monomer (milliseconds), ParA dimerization (∼20 s) and an ATP-specific conformational change necessary for ParA to bind DNA (ParA--ATP\*; ∼1 min with DNA present) ([@gkr747-B7]). Our current data are most consistent with the conclusion that the rate limiting step in NAC assembly is ParA dimerization for several reasons. The lag time for NAC assembly was ∼ 20 s. ParA dimerization and NAC assembly are both strongly ParA concentration dependent. Finally, ATPγS supported NAC and not the ParA--DNA complex, which argues against the idea that the ATP-specific conformational change is a prerequisite to NAC assembly. However, dimerization is not sufficient for NAC assembly as ADP supports dimerization ([@gkr747-B31]) but not NAC ([Figures 2](#gkr747-F2){ref-type="fig"} and [3](#gkr747-F3){ref-type="fig"}). Therefore, ParB must influence ParA conformation in ways that enable ATP- or ATPγS-bound dimers but not ADP-bound dimers to join NAC. We refer to this conformation of ParA as ParA--ATP^C^, the ParA component of the complex.

The role of polymerization
--------------------------

Other models for ParA action have proposed that ParA filaments (which we call 'self-supporting' filaments) are nucleated by partition complexes and that ParA filament growth away from these complexes pushes or pulls plasmids apart ([@gkr747-B10],[@gkr747-B11],[@gkr747-B21],[@gkr747-B22]). The observation that the length of the DNA limits NAC size however suggests that any polymerization here is limited by the length of the DNA, which is most consistent with polymerization along DNA rather than away from a DNA site. The partial protection of DNA from DNase I ([Supplementary Figure S5A](http://nar.oxfordjournals.org/cgi/content/full/gkr747/DC1)) and sensitivity of the light scattering signal to DNase I ([Supplementary Figure S5B](http://nar.oxfordjournals.org/cgi/content/full/gkr747/DC1)) are consistent with this idea. Indeed, these possibilities are not mutually exclusive as some amount of spreading and polymerization by ParA and/or ParB across DNA may be necessary for bridging to occur. In addition, because large complexes are necessary to scatter 467 nm light, small polymers of ParA may not be detectable (with or without the other components) with this approach. For example, one possible explanation for the sigmoid nature of the light scattering signal ([Figure 4](#gkr747-F4){ref-type="fig"}) is that small polymers of ParA must form first to seed the assembly of large visible complexes.

Several Type I partition ATPases have been observed to form filament bundles *in vitro* by EM and polymerize by light scattering assays ([@gkr747-B9],[@gkr747-B21],[@gkr747-B22],[@gkr747-B24]). However, the experimental conditions and requirements for polymerization activity vary, and a common set of properties has yet to emerge. For example, F plasmid SopA forms small filaments with ATP but not ATPγS, and polymerization is stimulated by SopB but inhibited by nsDNA ([@gkr747-B22]). Polymerization of the ParAs from plasmids TP228, pTAR, pVT745 and pB171 is stimulated by cognate ParBs and partition site DNA, but the effect of nsDNA and DNaseI sensitivity, for example, have not been reported ([@gkr747-B36]). ParAs from *T. thermophilus* (Soj), pSM19035 (δ) and *Vibrio cholerae* (ParA2) polymerize across a DNA matrix in an ATP-dependent fashion ([@gkr747-B24],[@gkr747-B26],[@gkr747-B37]).

Like Type I ParAs, MinD forms dynamic patterns on an intracellular surface. ParAs pattern the nucleoid, whereas MinD patterns the membrane. *In vitro*, ATP-bound MinD forms ParA-like filaments that are stimulated by phospholipid vesicles and regulated by MinE ([@gkr747-B38],[@gkr747-B39]). ParA and MinD show weak ATPase activities that are cooperatively stimulated by accessory proteins (ParB and MinE, respectively) and by the biological surfaces to which they pattern (DNA and phospholipid, respectively). When fluorescently labeled MinD and MinE were visualized on a membrane coated flow cell, the continual chasing of MinD by MinE produced a variety of dynamic patterns ([@gkr747-B40],[@gkr747-B41]). Consistent in all patterns were regions of MinD--MinE co-localization, which were interpreted as membrane-bound copolymers critical for the system dynamics. We find it an attractive possibility that nucleoid-associated ParA and NAC work together in ways that are similar to how membrane-associated MinD interacts with MinD--MinE copolymers in their respective transport mechanisms. We predict that polymerization on DNA, rather than as self-supporting filaments, will emerge as the common theme among Walker-type partition ATPases; however, the differences in experimental systems and details need to be resolved before a common mechanism can be established.

A model for the adaptor complex
-------------------------------

We think that the kinetics and protein requirements measured here are most consistent with the following model of complex composition. First, ParB binds to DNA and results in spreading from the initial binding site. If *parS* is present, this spreading will occur primarily around *parS*, but since ParB binds DNA non-specifically, it will bind elsewhere. These cores of ParB interact with ParA--ATP, generating ParA--ATP^c^, which in turn promotes extensive bridging that is manifested *in vitro* by a significant increase in sedimentation and light scattering. ATP hydrolysis by ParA results in release of ParA--ADP and the DNA. The complexes are more stable in the presence of *parS* because ParB affinity is higher for *parS* than for nonspecific DNA. The exact nature of the complex *in vivo* is likely not the extensive network of DNA as seen here because of the presence of the bacterial nucleoid. Instead, we envision that a ParB--*parS* partition complex (i.e. the plasmid) will be attached to the nucleoid via the ATP-dependent bridging activities measured here, and that this attachment is dynamic as ParB--ParA--DNA interactions are both assembled and disassembled with ATP binding and hydrolysis. First, ParA--ATP\* is bound to the bacterial nucleoid. ParB and the partition complex interact with the nucleoid via ParA, and then this interaction creates ParA--ATP^C^/ParB/*parS*, or NAC, which is the complex that maintains the association between the plasmid and the nucleoid track. ATP hydrolysis by ParA--ATP^C^ is then stimulated by ParB causing ParA--ADP subunits to dissociate and diffuse away from the nucleoid. However, because the partition complex contains many molecules of ParB, an association between the nucleoid and the partition complex is maintained but shifts towards the ParB--ParA--ATP^c^ contacts that have not yet been disrupted by ATP hydrolysis. New ParA--ATP^c^ contacts are then made with ParB where the nucleoid-bound ParA--ATP\* concentration is higher, which initiates movement in that direction. As a result of the lower concentration of nucleoid-bound ParA in the wake of NAC movement, the initial drift toward one stochastically chosen direction enforces the continued movement towards the same direction.

Several recent biochemical and cell biology observations in P1 and other plasmid systems support the models for NAC assembly and its interactions with ParA bound to the bacterial nucleoid. The ParA- and ParB-like proteins of the plasmid pSM19035 have been observed in DNA-binding assays to form dynamic complexes that are involved in the bridging of both plasmid and nsDNA ([@gkr747-B42]). The dynamics of P1 ParA and plasmid DNA were simultaneously visualized in living cells ([@gkr747-B6]). Two populations of ParA-associated nucleoprotein complexes were observed; one that diffusely co-localized with the nucleoid and another that densely co-localized with plasmids of limited mobility. We believe the former represents the ParA--DNA complex and the latter represents NAC. Fitting with our model, plasmid movement was only observed when the dense ParA foci disappeared from the plasmids. When the plasmids were finished migrating to opposite cell halves, their fixation were coupled to the reappearance of the co-localized ParA foci. *In vivo*, F, pB171 as well as P1 plasmids have been shown to oscillate over the nucleoid, apparently 'chasing' their cognate partition ATPase ([@gkr747-B6],[@gkr747-B10],[@gkr747-B11]). The DNA binding and nucleotide hydrolysis characteristics of the NAC complex provide a framework for the interactions necessary for a partition complex to chase its ATPase across the cell.
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